A recent paper in this journal has challenged the idea that complex adaptive features of proteins can be explained by known molecular, genetic, and evolutionary mechanisms. It is shown here that the conclusions of this prior work are an artifact of unwarranted biological assumptions, inappropriate mathematical modeling, and faulty logic. Numerous simple pathways exist by which adaptive multiresidue functions can evolve on time scales of a million years (or much less) in populations of only moderate size. Thus, the classical evolutionary trajectory of descent with modification is adequate to explain the diversification of protein functions.
A major achievement of 20th century biology was the integration of the machinery of mathematical population genetics into the life sciences. The resultant theory has withstood the test of time, and modern extensions have greatly advanced our understanding of the mechanisms of evolution at the molecular, genomic, cellular, and developmental levels, while also substantially influencing many areas of applied biology, including medicine, agriculture, and conservation biology. Occasional questions are still raised about the sufficiency of microevolutionary theory to explain certain complexities at the biochemical and/or phenotypic levels (e.g., Gould 1980) , but such skepticism is usually attributable to a lack of familiarity with the mathematical and/or biological foundations of population genetics (as pointed out, for example, by Charlesworth et al. 1980) .
In a recent paper in this journal, Behe and Snoke (2004) questioned whether the evolution of protein functions dependent on multiple amino acid residues can be explained in terms of Darwinian processes. Although an alternative mechanism for protein evolution was not provided, the authors are leading proponents of the idea that some sort of external force, unknown to today's scientists, is necessary to explain the complexities of the natural world (Behe 1996; Snoke 2003) . The following is a formal evaluation of their assertion that point-mutation processes are incapable of promoting the evolution of complex adaptations associated with protein sequences. It will be shown that the contrarian interpretations of Behe and Snoke are entirely an artifact of incorrect biological assumptions and unjustified mathematical oversimplification.
Before proceeding, a fundamental flaw in the argument of Behe and Snoke needs to be pointed out. Although the authors claim to be evaluating whether Darwinian processes are capable of yielding new multiresidue functions, the model that they present is nonDarwinian (King and Jukes 1969) . Contrary to the principles espoused by Darwin, that is, that evolution generally proceeds via functional intermediate states, Behe and Snoke consider a situation in which the intermediate steps to a new protein are neutral and involve nonfunctional products. Although non-Darwinian mechanisms play an important role in contemporary evolutionary biology, there is no logical basis to the authors' claim that observations from a non-Darwinian model provide a test of the feasibility of Darwinian processes. Moreover, given that the authors restricted their attention to one of the most difficult pathways to an adaptive product imaginable, it comes as no surprise that their efforts did not bear much fruit.
With a priority on being compatible with the conventional framework of population genetics, the following model is the closest possible Darwinian version of the Behe and Snoke model in that the intermediate states of protein evolution involve functional products (in accordance with Darwin) with no immediate positive effects on organismal fitness (consistent with the assumptions of Behe and Snoke) . Using conservative biological assumptions, it is shown that the origins of new protein functions are easily explained in terms of well-understood population-genetic mechanisms.
The model
A major goal of evolutionary theory is to develop a mechanistic understanding of the observed features of molecules, individuals, and populations in terms of universally established principles of mutation, Darwinian selection and descent with modification, Mendelian segregation and recombination (in sexual species), and random genetic drift. To simplify the presentation as much as possible, the focus here is on a nonrecombining haploid genome (as assumed by Behe and Snoke) , with the origin of a new adaptive function involving a two-residue interaction, for example, the disulfide bond between two cysteines. As in Behe and Snoke (2004) , this adaptation is assumed to be acquired at the expense of an essential function of the ancestral protein, so that the new function can only be permanently established via gene duplication, with one of the copies maintaining the original function. The Behe-Snoke assumption that a selective advantage only results after both participating residues are in place is also adhered to. However, two significant deviations from the model of Behe and Snoke are incorporated.
First, Behe and Snoke start with a duplicate locus that has spread throughout the base population, although they also assume that most gene copies have actually been permanently silenced by previous mutational events, the number of functional copies actually varying arbitrarily among individuals (without upper bound) as a consequence of unknown deterministic mechanisms. In contrast, the model presented here starts with a more realistic base population harboring a single locus in all individuals. A duplicate gene then arises in a single random member of the population, as must always be the case with a mutational change. With many fewer initial targets for mutation, and the vast majority of new duplicates being rapidly lost by genetic drift, this starting condition imposes a much greater challenge for the evolution of a new gene function than that assumed by Behe and Snoke. Second, Behe and Snoke assume that all mutational changes contributing to the origin of a new multi-residue function must arise after the duplication process. They justify this assumption by stating that the majority of nonneutral point mutations to a gene yield a nonfunctional protein. To stretch this statement to imply that all amino acid changes lead to nonfunctionalization is a gross mischaracterization of one of the major conclusions from studies on protein biology-most proteincoding genes are tolerant of a broad spectrum of amino acid substitutions (Kimura 1983; Taverna and Goldstein 2002a,b) . For example, in a large mutagenesis screen, Suckow et al. (1996) found that >44% of amino acid positions in the Lac repressor of Escherichia coli are tolerant of replacement substitutions. Axe et al. (1998) found that only 14% of amino acid sites in a bacterial ribonuclease are subject to inactivation by some replacement substitutions, with only one site being entirely nonsubstitutable. For human 3-methyladenine DNA glycosylase, $66% of single amino acid substitutions retain function (Guo et al. 2004) . Even for the highly conserved catalytic core regions of proteins, approximately one-third of amino acid sites can tolerate substitutions (Materon and Palzkill 2001; Guo et al. 2004) . Many other studies (e.g., Kim et al. 1998; Akanuma et al. 2002) , including all of those cited by Behe and Snoke, have obtained results of this nature. A deeper understanding of the fraction of amino-acid-altering mutations that have mild enough effects to permit persistence in a population comes from observations on within-and between-species variation in protein sequences (Li 1997; Keightley and Eyre-Walker 2000; Fay and Wu 2003) , which generally indicate that 10% to 50% of replacement mutations are capable of being maintained within populations at moderate frequencies by selection-mutation balance and/or going to fixation. Because there is strong heterogeneity of substitution rates among amino acid sites (Yang 1996) , these average constraint levels should not be generalized across all sites, many of which evolve at rates close to neutrality. Thus, most proteins in all organisms harbor tens to hundreds of amino acid sites available for evolutionary modification prior to gene duplication.
Based on these observations and in contrast to Behe and Snoke, the following model assumes that the intermediate step toward a two-residue adaptation is nondebilitating with respect to the original function but also effectively neutral, with one caveat noted below. Under this assumption, the first step in the evolution of a tworesidue function potentially resides at the ancestral locus, where two alternative classes of alleles may be present prior to duplication: those containing a key amino acid at one of the potentially participating sites (type 2), and those with none (type 1) (Fig. 1) . Assuming that n amino acid sites can potentially participate in the origin of the new function, the expected frequencies of these two allelic classes are obtained by normalizing the first two terms of the Poisson distribution, as loss of the ancestral protein function renders inviable all single-copy alleles with two or more key residues. The expected frequencies of type-1 and type-2 alleles are then 20/(20 + n) and n/(20 + n), respectively, under the assumption that all 20 amino acids are equally substitutable in the intermediate neutral state. As a consequence of random genetic drift and mutation, very small populations will generally be monomorphic for one type of allele, with the nature of that allele varying stochastically over time according to the preceding probabilities. In contrast, larger populations will approach a drift-mutation equilibrium, with the two allelic classes following these respective frequencies. In either case, averaging over a long period of time, when a random gene duplicates, it will be of type 1 with probability 20/(20 + n) and type 2 with probability n/(20 + n). Thus, immediately following gene duplication, there is a single copy of either allelic type 3 or type 5 in the population (Fig. 1) , with initial frequency equal to the reciprocal of the population size, 1/N.
Successful establishment of the new function (neofunctionalization of one of the copies) requires the founding pair of linked gene duplicates to (1) initially attain a high frequency; (2) acquire the mutations essential to the expression of the new function (allelic types 6 or 7) while en route or subsequent to fixation; and (3) be preserved by positive selection subsequent to the origin of the new function. All three processes occur in parallel with a background production of null alleles. The two central issues to be resolved are then: (1) How frequently will a duplication event lead to neofunctionalization; and (2) How long will this take? Answers to these questions can be acquired by recursively following the population through the sequential steps of mutation, selection, and random sampling.
The mutation process can be summarized as follows. All gene copies mutate to defective nulls at rate m (per gene per generation). Thus, one-copy alleles (types 1 and 2) mutate to an inviable state at rate m, as do alleles of types 6 and 7 when the copy with the ancestral function is removed. In addition, two-copy alleles can be converted to functional one-copy alleles in several ways: 4 ! 1, 4 ! 2, 6 ! 1, and 7 ! 2 at rate m; and 3 ! 1 and 5 ! 2 at rate 2m. Letting v 0 denote the rate of nonsynonymous mutation per codon (converting one amino acid to another), then the loss of a key amino acid residue causes the following allelic conversions: 2 ! 1, 4 ! 3, and 7 ! 6 at rate v 0 ; and 5 ! 4, 6 ! 4, and 7 ! 5 at rate 2v 0 . Letting v 1 = v 0 n/19 be the rate of mutation to a gene carrying one key residue from a gene carrying none, and v 2 = v 0 (n À 1)/19 be the rate of mutation to a gene carrying two key residues from a gene carrying one, the conversion to alleles with new key residues can be described as: 1 ! 2, 4 ! 5, and 6 ! 7 at rate v 1 ; 3 ! 4 at rate 2v 1 ; and 4 ! 6 and 5 ! 7 at rate 2v 2 . Finally, allelic types 2 and 7 are converted to nulls at rate v 2 when the appearance of the new function in a one-residue allele results in the complete loss of ancestral function.
Each generation, after the production of mutant alleles by the preceding scheme, selection increases the frequencies of the neofunctionalized alleles (types 6 and 7) by a proportional amount s (the selection coefficient). Random sampling then yields the next generation of N individuals. This stochastic phase of random genetic drift ensures that various classes of alleles either become lost from the population or rise to fixation, eventually confining the system to one of two alternative stable states. If the population reaches a state in which all alleles are of type 1 and/or 2, then neofunctionalization is no longer possible without a new round of gene duplication. In contrast, once alleles of type 6 or 7 have attained a critical frequency, permanent neofunctionalization is essentially ensured. The concern here is with the frequency of duplication events that lead to the latter state, P neo , and to this end the threshold allele frequency for neofunctionalization is defined byp
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The behavior of this model was evaluated by computer simulation using a range of parameter values justified by the following observations. Surveys of a wide variety of unicellular and multicellular species suggest that the genetic effective population sizes of species (N) range from a low of $10 3 for some vertebrates and vascular plants to a high of $10 9 for some prokaryotic species (Lynch and Conery 2003a) . These numbers are, of course, substantially below the absolute numbers of individuals within species, but several factors including linkage, variance in family size, and population-size fluctuations conspire to reduce the genetic effective population size of a species below the actual number of adults (Caballero 1994; Gillespie 2001) . The null mutation rate (m) for protein-coding genes is generally on the order of 10 À6 per generation (Drake et al. 1998 ). The per nucleotide mutation rate is generally in the range of 10 À9 to 10 À8 per generation or higher (Li 1997; Denver et al. 2004) , and the latter is used as the total nonsynonymous mutation rate per codon, v 0 . It is uncertain how many potential amino acid sites can be used in the production of a new two-residue function, and a range of n = 2-50 is considered, the lowest value matching the assumption of Behe and Snoke. The selection coefficient (s) will equal either 0.01 or 0.0001, covering the range of moderate to fairly weak selection intensities. Values of n and/ or s above these ranges, which are not out of the question, will result in higher rates of neofunctionalizaton than reported below.
It is useful to consider the probability of neofunctionalization per duplication event, P neo , relative to the probability of fixation of a neutral mutation (1/N) by using the scaled parameter y = NP neo . A value of y = 1 implies that neofunctionalization of a newly arisen duplicate gene occurs with the same probability as the fixation of a neutral mutation. Moreover, letting d denote the rate of duplication per gene copy, then because dN is the rate of gene duplication at the population level, dy is the rate of neofunctionalization at the population level, that is, the rate of establishment of the new selectable function.
The probabilities of neofunctionalization under this model increase with population size (N), the number of potential contributory sites to the new function (n), and the selective advantage of the new function (s) (Fig. 2) . Increasing population size enhances both the efficiency of selection and the number of mutational targets for the production of neofunctionalized alleles, and depending on the nature of the determinants of the adaptation (s and n), y increases linearly with population size above N^10 4 to 10 6 . The results show that moderate levels of N, n, and s are sufficient to yield probabilities of neofunctionalization in excess of the neutral rate of fixation, that is, y > 1.
An analytical approximation
Insight into the mechanisms driving these patterns can be achieved with a population-genetic approximation. Although neofunctionalization can be precipitated by initial duplications of either type-1 or type-2 alleles, type-2 alleles are much more likely to be neofunctionalized because they have acquired one of the two key contributory residues prior to duplication. Thus, as a first approximation, the focus is only on the subset of initial duplications to type-5 alleles, which usually comprise a fraction n/(20 + n) of initial duplication events, an exception noted below. The fact that y can greatly exceed 1 at large population sizes (Fig. 2) is revealing. If a type-5 allele were simply neutral with respect to the pre-existing single-copy alleles, then fixation would occur with probability 1/N, and y would have a maximum value of n/(20 + n) < 1. Although duplicated genes are, indeed, assumed to be selectively neutral in the preceding simulations, two-copy alleles still have a slight intrinsic advantage over one-copy alleles in , and the nonsynonymous mutation rate per codon (v 0 ) is 10 À8 . Each data point is derived from 10 7 to 10 10 stochastic simulations. The solid and dashed lines are the analytical approximations described in the text. The dotted line denotes the point at which the probability of neofunctionalization is equal to the fixation probability of a neutral mutation.
that the latter mutate to nulls at rate m, whereas two-copy alleles must acquire two such mutations (one in each copy) to be inactivated. This weak mutational advantage acts like selection, yielding the probability of fixation of a newly arisen pair of linked duplicates:
which approaches a maximum of 2m at large N (Lynch 2002) . This expression also applies to founder events involving type-3 alleles. Should fixation occur, then the ultimate fate of a twocopy allele will be determined by subsequent mutations. The next mutation to arise will be one of three types: (1) a reversion of a type-5 to a type-2 allele arises at rate 2m, has a mutational disadvantage, and fixes with probability u d , defined by Equation 2 with Àm substituted for m; (2) a conversion to a type-4 allele arises at rate 2v 0 , and fixes with the neutral probability 1/N; and (3) a conversion to a type-7 allele arises at rate 2v 2 , is beneficial, and fixes at rate:
Thus, assuming no selective interference between competing fixation events, the next mutation to fix results in neofunctionalization with probability:
Although there are additional paths to neofunctionalization (e.g., having mutated to a type-4 allele, a second mutation can resurrect a type-5 allele, which can then acquire a mutation to a type-7 allele), these indirect paths are of relatively low probability and can be ignored as a first approximation. The preceding logic suggests that the scaled probability of neofunctionalization (y) should be approximately equal to Nu m n/(20 + n), but if this were the only factor involved in the establishment of a two-copy allele, then y would approach a maximum value of $2Nn/(20 + n) at large N, as u m ! 2m and a ! 1. In contrast, y attains values much greater than this prediction (Fig. 2) . For example, with n = 50, y would be expected to approach (1.43 Â 10 À6 )N at large N independent of s, whereas the values observed with s = 0.01 are $22.4 times higher and those observed with s = 0.0001 are $1.8 times higher.
The discrepancy is due to the chance occurrence of neofunctionalizing mutations during the initial phase of establishment of the duplicate. Without such mutations, a newly arisen type-5 allele would be destined to be lost by random genetic drift with probability 1 À u m . However, prior to loss, an approximately neutral allele destined to loss in a haploid population yields a cumulative average number of N descendant copies, each of which is subject to mutation. Should a two-copy allele en route to loss acquire a neofunctionalizing mutation prior to being silenced by a degenerative mutation, it will then have a boost in the probability of fixation defined by Equation 3. A simple expression for this rescue effect is not available, but a recursive approach developed in Lynch et al. (2001) is adapted for the purposes of this paper in the Appendix. Letting r denote the probability that a type-5 allele initially destined to loss is rescued by a neofunctionalizing mutation, then
The fit of this expression to the simulation data is quite good, except at very low n when selection is weak (s = 0.0001) and the population size is large (Nm > 1) (Fig. 2) . At large N and small s, violations of the assumption that no more than two alleles are simultaneously segregating may cause the breakdown in the mathematical approximations, which ignore the reduction in fixation probability resulting from selective interference.
One technical modification needs to be made to the above theory at very large N. Because they are one mutation removed from acquiring a two-residue function that eliminates the essential ancestral function, type-2 alleles have a very weak mutational disadvantage. When the product of population size and the excess mutation rate to nulls is on the order of 1 or larger, this effect reduces the pre-duplication frequency of type-2 alleles to that expected under selection-mutation balance, ½ðn þ 9Þ À ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 19n þ 81 p =ðn À 1Þ. With the parameters used in analyses herein, this condition was only approached in a few extreme situations, and in any event the deviation between these two results is not great unless n is large. For example, with n = 2, both the preceding formula and n/(20 + n) yield an expected frequency of type-2 alleles of 0.091, and with n = 10, the respective frequencies are 0.333 and 0.282. Comparison of the simulated results including this modification with the analytical approximation just noted shows that this added complication at large N is of minor effect.
Time to neofunctionalization
Two temporal components contribute to the time to neofunctionalization: (1) the expected time of arrival of the first neofunctionalizing mutation that will go on to fixation (i.e., that satisfies Equation 1); and (2) Conery 2000, 2003b) , the average arrival times associated with the results in Figure 2 are provided in Figure 3 . These times scale approximately inversely with population size, decrease with increasing n and s, and for a wide range of conditions are smaller than 10 7 generations. The mean fixation times, obtained directly from the simulations, were uniformly between 3 Â 10 4 and 10 6 generations (data not shown). Thus, the arrival time is generally the limiting factor for populations of small to moderate size, while the fixation time can be the limiting factor in very large populations.
Discussion
To support their contention of the implausibility of adaptive protein evolution by Darwinian processes, Behe and Snoke started with an ad hoc non-Darwinian model with a highly restrictive and biologically unrealistic set of assumptions. Such extreme starting conditions guaranteed that the probability of neofunctionalization would be reduced to a minimal level. An alternative approach, adopted here, is to rely on a set of biologically justified premises and an explicit population-genetic framework. When this is done, contrary to the assertions of Behe and Snoke that neofunctionalization events involving multiple amino acid residues require 10 8 or more generations and population sizes in excess of 10 9 individuals, it is readily demonstrated that this process can go to completion with high probability on time scales of 10 6 yr or less in populations >10 6 in size. As is discussed below, this is a highly conservative conclusion with respect to both the time and population-size requirements. To put this into perspective, a span of 10 6 yr is small on the total evolutionary time scale (in years) of $3.8 Â 10 9 for all of life, $2 Â 10 9 for eukaryotes, $7 Â 10 8 for metazoans, $4 Â 10 8 for tetrapods and land plants, and $2 Â 10 8 for mammals (e.g., Knoll 2003) . In addition, a population size of 10 6 is minuscule for most microbes (the species whose genome structure is most compatible with the Behe-Snoke model) (Finlay 2002) .
It is difficult to pinpoint the source of the difference between the results of Behe and Snoke and those contained herein, as the latter authors do not explicitly model the evolutionary process, whereas the stochastic computer simulations presented here precisely track the joint dynamics of allele frequencies. In order to maintain a permanent reservoir of potentially neofunctionalizable duplicate genes, Behe and Snoke assume that a new gene copy is produced instantaneously every time an allele is thought to have been silenced. However, the further assumption that duplicate genes are entirely neutral until the final step in neofunctionalization has been achieved leads to a steady-state situation in which almost all alleles residing at the duplicate locus are ''irrecoverably lost.'' In contrast, the analyses presented here assume that a duplicate gene arises in a single individual in a population in which all other individuals carry a single copy of the gene. This difference in approach, as well as others, is actually expected to reduce the estimated time to neofunctionalization in the Behe-Snoke model relative to that presented here. For example, although Behe and Snoke focus on the time to the first appearance of a neofunctionalizing mutation, the focus here is on the necessarily longer time to achieve the first fixable mutation. In addition, although Behe and Snoke assume that the forward and backward point-mutation rates (per amino acid residue) are equal, it is assumed here that the former is just 1/19 of the latter, which necessarily reduces the likelihood of neofunctionalization.
Uncertainties on these issues aside, there are at least three reasons for the discrepancies between our results. First, for the most part, Behe and Snoke assume that the evolution of a multi-residue function requires the origin of a full set of mutations previously kept absent from the population as a consequence of their lethal pleiotropic effects on ancestral gene functions. However, if the intermediate steps toward the evolution of a selectable multiresidue function are entirely neutral after gene duplication, as Behe and Snoke assume, then there is no compelling reason that ''one-off'' (type-2) alleles should be absent from the population prior to duplication. In the context of a disulfide bond, for example, the Behe-Snoke assumption implies a situation in which no cysteine residue in an ancestral protein would be capable of Figure 3 . Average arrival times for a neofunctionalized allele destined for fixation. The curves are based on the theory described in the text, and assume a rate of gene duplication of 10 À8 per gene copy per year.
participating in a cysteine-cysteine interaction in a subsequently modified copy, which seems highly implausible (e.g., Matsumura et al. 1989 ). An additional logical problem implicit in the Behe-Snoke model is how an organism producing 50% functional and 50% nonfunctional protein would avoid a reduction in fitness. Second, Behe and Snoke assume that only two specific amino acid sites within a protein are capable of giving rise to a new selectable diresidue function. Given that the average protein in most organisms contains between $300 and 600 amino acids, this assumption is also unrealistic. Increasing the number of participating amino acid sites from n = 2 to just 10 can magnify the probability of neofunctionalization by more than 10-fold, but the results presented here also demonstrate that even with the restrictive Behe and Snoke assumption of n = 2, the probability of neofunctionalization can exceed the neutral fixation probability for populations with effective sizes in excess of 10 6 . Third, although both of our analyses assume that the intermediate changes en route to a multi-residue function are selectively neutral with respect to protein function, Behe and Snoke failed to realize that a completely linked pair of duplicate genes has a mutational advantage equal to the mutation rate to null alleles (m), owing to the fact that both members of a linked pair must be inactivated before the viability of the carrier is affected. This intrinsic mutational advantage, which is independent of the selectable multi-residue function, is of minor consequence when the power of random genetic drift exceeds that of mutation (N < 1/m), but when N is moderately large (2Nm > 1), the fixation probability approaches 2m. Once fixed and maintained by positive selection, active two-copy alleles will not be the victims of the neutral accumulation of silencing mutations assumed by Behe and Snoke. This then essentially ensures that the new selectable function will evolve, provided the selective advantage of the new function exceeds the mutational advantage of maintaining two redundant ancestral copies. This argument applies to all potential founder duplicates, including those that are initially lacking in any contributory amino acid residues for the new function. Thus, although the preceding analytical approximation ignored events initiating with a type-3 allele, the actual computer simulations show that these events also lead to a high probability of neofunctionalization when N is large.
There are several reasons that the probabilities of neofunctionalization computed in this paper are likely to be underestimates. First, with respect to population structure, although the range of effective population sizes used in the simulations encompass the estimates available for a wide variety of species from measures of nucleotide variation at silent sites, the highest of these estimates may be biased downwardly (Lynch and Conery 2003a) . That is, the upper limit to N is probably higher than the 10 9 used in this study. More importantly, molecular-based estimates of the longterm effective population size are equivalent to the harmonic means of the generation-specific measures, and hence much closer to population-size minima than maxima. Virtually all populations experience temporal changes in abundance, and there can be long phases in which the effective population size greatly exceeds that implied by long-term estimates. Given the near linear scaling of y and N, these two complications alone could easily increase y (and decrease the average arrival time) by more than an order of magnitude.
Second, although the simulations presented here rely on the assumption that the absolute and effective number of individuals in a population are equivalent, variance in family size resulting from spatial variation, selective sweeps associated with linkage, and other factors will generally result in the former being substantially greater than the latter. There is a simple reason why increased absolute population size can greatly magnify the likelihood of neofunctionalization. In the preceding analyses, it was assumed that the appearance of double mutations (e.g., the simultaneous origin of both cysteine residues contributing to a disulfide bond) is negligible, as this probability is just [n(n À 1)/2](m/19) 2 per individual. Under the assumption that m = 10 À8 , the rate of origin of double mutants per gene copy is $3 Â 10 À19 when n = 2 and $3 Â 10 À16 when n = 50. For microbial species, the apparent focus of Behe and Snoke, whose total population densities can easily exceed 10 16 (Finlay 2002) , new double mutants can be expected to arise very frequently at the population level (reducing Behe and Snoke's time to first appearance to just one generation or so).
Third, the key to neofunctionalization by gene duplication resides in the ability of the initial duplicate to rise to fixation and then remain in an active state. Although the model presented herein allows for the fixation of a pair of linked duplicates in large populations via its weak mutational advantage, there are more powerful mechanisms for the preservation of duplicate genes. In populations of moderate to large size, for example, neofunctionalizing mutations aside from those associated with a multi-residue function will be sufficient to preserve the duplicate copy in an active state. In populations of small to moderate size, neofunctionalizing mutations are less likely to arise before one or more degenerative mutations have gone to fixation, but the latter can also promote duplicate-gene preservation by subfunctionalization when each member of the pair partially or entirely loses a complementary ancestral subfunction (Force et al. 1999; Lynch et al. 2001; Prince and Pickett 2002 , an s i of just 10 À5 to 10 À4 would increase y (and correspondingly decrease the mean arrival time) 10-to 100-fold at large N.
Fifth, with respect to the breeding system, it has been assumed that the population consists of haploid individuals with no recombination within or between genes. However, diploidy and recombination can greatly facilitate the probability of neofunctionalization by gene duplication. Suppose, for example, that prior to gene duplication an allele with the new function is lethal in the homozygous state, in accordance with the assumptions relied on above, but beneficial in heterozygotes containing both the ancestral and derived functions. The derived allele will then be maintained in the population at the single locus by balancing selection, poising the system for fixation of the neofunctionalized allele following gene duplication, with no requirement of a new mutation at all, provided there is recombination between the two loci (Spofford 1969; Lynch et al. 2001) .
In summary, the conclusions derived from the current study are based on a model that is quite restrictive with respect to the requirements for the establishment of new protein functions, and this very likely has led to order-ofmagnitude underestimates of the rate of origin of new gene functions following duplication. Yet, the probabilities of neofunctionalization reported here are already much greater than those suggested by Behe and Snoke. Thus, it is clear that conventional population-genetic principles embedded within a Darwinian framework of descent with modification are fully adequate to explain the origin of complex protein functions. (Fisher 1922) . From Lynch et al. (2001) , conditional on the allele not yet having been lost, the expected number of copies in the population is n m ðtÞ ¼ e Àt=N 1 À u L ðtÞ :
Accounting for the probability that the allele may have acquired a degenerative mutation in one copy and hence not be available for neofunctionalization, and conditional on the fate of the allele having not already been determined, the probability that a successful rescue occurs in generation t is p r ðtÞ ¼ 2v 2 n m u s e À2t :
The total probability of rescue in generation t is then P r t ð Þ ¼ 1 À u L t ð Þ ½ Áu r t ð Þ Á p r t ð Þ;
where u r (t) is the probability that the allele has not been rescued by time t: u r t þ 1 ð Þ¼u r t ð Þ Á 1 À p r t ð Þ ½ :
The total probability of a rescue (r) is equal to the sum of P r (t) from t = 0 to 1.
